We considered the influence that the Stiles-Crawford effect (SCE) has on the measurement of subjective monochromatic and transverse aberration measurements. The SCE was measured with a two channel Maxwellian-viewing system. Transverse aberrations were measured using a vernier alignment technique in three subjects, with the natural SCE operating, with the SCE neutralised by filters optically conjugate with the eye's pupil, and for one subject with filters that shifted the SCE by more than 2 mm. As pupil diameter increased from 1 to 5 mm diameter, without the filters the slope of the transverse aberration versus position in the pupil decreased, e.g. for chromatic aberration this decreased by approximately 90%. The filters had little influence on transverse aberration. The results indicate that subjects do not use the centroid of the image of a blurred line target for alignment, but may rely very much on other cues. Ó
Introduction
The Stiles-Crawford effect (SCE) of the first kind is the phenomenon by which light passing through the periphery of the pupil appears to be dimmer than light passing closer to the pupil centre (Stiles & Crawford, 1933) . Although a retinal effect caused by the directional properties of photoreceptors (e.g. Enoch & Lakshminarayanan, 1991) , it may be modelled as an apodisation of the pupil (Westheimer, 1959) . The SCE has implications for photometry, effective retinal image quality, and subjective transverse aberration measures. Regarding photometry, calculations for change in effective retinal illuminance were given by Martin (1954) and were updated by Atchison, Scott, and Smith (2000) to take into account pupil and SCE decentrations. Concerning effective retinal image quality, theoretical investigations indicate that the influence of the SCE on spatial visual performance is likely to be small (e.g. Artal, 1989; Atchison, 1984; Atchison, Joblin, & Smith, 1998; Atchison, Scott, Joblin, & Smith, 2001; van Meeteren, 1974) .
The SCE is considered to influence subjective measures of transverse aberrations by minimising the effects of pupil decentration (Rynders, 1994; Rynders, Thibos, Bradley, & Lop e ez-Gil, 1997; . Atchison et al. (2001) investigated theoretically the influence of the SCE on subjective measurements of transverse aberrations. They used the centroid of the image of a line target as the basis for their measurement. For a mean level of the coefficient, they predicted that the SCE will lessen the slope of the transverse chromatic aberration versus position in pupil plot by about one-third at a pupil size of 5 mm diameter. This is considerably less than experimental studies, which suggest the SCE reduces the effect of pupil decentration on subjective transverse chromatic aberration by approximately 80% at a 5 mm pupil diameter, and that most of this reduction can be removed by using filters to neutralise the SCE (Rynders, 1994; Rynders et al., 1997; Ye et al., 1992) . Several reasons were put forward by Atchison et al. to explain this discrepancy, including variation of SCE with subject and wavelength, finite thickness of line targets, and luminance effects, but none were sufficient to account for it.
Because of this discrepancy between theoretical and experimental results, we have conducted further experimental investigation. We found a marked change in transverse aberration measures with increase in pupil size, which is much greater than the theoretical predictions. However, unlike the previous studies (Rynders, 1994; Rynders et al., 1997) , this was not compensated by using neutralising filters. Also, filters that shifted the Vision Research 42 (2002) [1089] [1090] [1091] [1092] [1093] [1094] [1095] [1096] [1097] [1098] [1099] [1100] [1101] [1102] www.elsevier.com/locate/visres SCE-peak by at least 2 mm had little influence on transverse aberration. As a possible explanation for our findings, we suggest that the subjective alignment with large pupil sizes is dominated by the peak of the intensity distribution rather than its centroid.
Methods

Subjects
The study was approved by the Human Research Ethics committee of the Queensland University of Technology. Experiments were undertaken with the understanding and written consent of each subject. Subjects were three males aged 45-47 years (DAA), 30-32 years (DHS) and 22 years (PP) with respective refractive corrections of À2.00 DS, þ0:75/À0:50 Â 180 and À0:50/ À0:50 Â 175, respectively. The subjects were in good general and ocular health. During experimental procedures, the right eye of each subject was dilated and cyclopleged with one drop of 1% cyclopentolate. When sessions extended beyond 2 h, an additional drop was applied each 2 h.
SCE measurement
SCEs were measured psychometrically with apparatus similar to that of Applegate and Lakshminarayanan (1993) (Fig. 1) . A two-channel Maxwellian-viewing system imaged two light sources S 1 and S 2 at a subject's entrance pupil EP via 100 mm achromat lens relay pairs (lens pair L 1 and L 3 for S 1 and lens pair L 2 and L 3 for S 2 ). The light sources were 1.0 mm pinholes illuminated by diffuse RGB light emitting diodes (Kingbright LF593MBGMBW). The diodes had peak radiant intensities at 625, 565 and 430 nm, and dominant wavelengths for a range of standard illuminants at 620, 575 and 470 nm. Source S 1 provided a background field of 7°, entering the eye in the middle of the pupil, and defined by aperture A 1 which was at the front focal point of L 3 . The illuminances of this field were approximately 44 troland (620 nm), 93 troland (575 nm) and 38 troland (470 nm). The test beam from S 2 was electronically square-wave flickered at 2 Hz and provided a test beam of 0.6°defined by aperture A 2 which was also at the front focal point of L 3 . The entry position of the test beam was computer controlled by stepper motors. The illuminance control was a 200 Hz pulse width modulation output gated with the 2 MHz HC11 E clock of a computer. This gave bursts of 250 ns pulses every 5 ms, with the illuminance being varied by the number of these pulses over a 4 log unit luminance range. Luminance variation was controlled from a three button module, with one button increasing the luminance in 0.028 log steps, one button decreasing the illuminance in 0.028 log steps and one button for recording the data. Between repeat measurements at any pupil position, and between pupil positions, the illuminance was doubled (increase of 0.3 log unit). For any measurement, the subject increased (if necessary) the luminance of S 2 until it was easily seen, then decreased its luminance until it disappeared.
Measurements were taken across a 6 mm diameter. Two-dimensional measurements were made with the green (575 nm) light, sampled at 49 positions with 0.75 mm intervals. Four measurements were taken at each point. Source S 2 was moved systematically during experiments so that the test beam moved across the subject's pupil in a 6 mm diameter circle from the subject's right to left and from up to down. It may have been better to randomise the order of points, but we found that after a little practice, this precaution made little difference to measurements. The pupil diameter of 6 mm refers to the location of the 1.0 mm diameter test beam centres, so in all a 7 mm diameter pupil was used. Fig. 1 . Two-channel Maxwellian-viewing apparatus for measuring the SCE, and its adaptation for measuring monochromatic transverse aberrations in experiment 1. S 1 and S 2 , sources; A 1 and A 2 , apertures; BS 1 and BS 2 , cube beamsplitters; L 1 , L 2 and L 3 , relay lenses; IR, illumination ring; FSM 1 and FSM 2 , front surface mirrors; VC, videocamera; Mo, monitor; EP, entrance pupil of eye; F, position of SCE modifying filters; Ap, stops; PBS, 50/50 pellicle beamsplitter; G 1 and G 2 , 550 nm interference filters; T 1 and T 2 , vernier half targets.
As well as the two-dimensional measurements, measurements were made along the horizontal meridian with blue, green and red lights, sampling at 25 positions with 0.25 mm intervals.
Because of aberrations and any residual defocus of an eye, occasionally a subject had to reset the position of A 2 to keep the test beam appearing to be centred within the field.
The subject's head position was fixed with a bite bar under XYZ movement control. An illumination ring IR containing eight evenly spaced infrared light emitting diodes was used to align the eye. Video-camera VC was provided with a view of the subject's pupil via lens L 3 and beamsplitter BS 2 , and it was also provided with views of S 1 and S 2 via beamsplitters BS 1 and BS 2 and front surface mirror FSM 1 . The eye was centred using the pupil centre. The infrared sources provided a reflection in the cornea (Purkinje image I) whose position was noted but not used for alignment. Alignment was maintained to within 0.1 mm during measurements by the experimenter viewing the monitor Mo and adjusting the bitebar as necessary. Subject refractive errors were compensated by moving the subject's eye and L 3 together along the Z-axis.
After the measurements were taken, a non-linear least-squares routine employing the Gauss-Newton algorithm was used to fit the means (in ln units) to a SCE function having the form ln gðx; yÞ ¼ ln gðx max ; y max Þ À q x ðx À x max Þ 2 À q y ðy À y max Þ 2 ð1Þ which can be converted to the more familiar form
Here gðx; yÞ is the sensitivity at any position ðx; yÞ in the entrance pupil, ðx max ; y max Þ locates the peak of the SCE function relative to the centre of the entrance pupil, gðx max ; y max Þ is the sensitivity at the peak, and q x and q y are SCE coefficients in the x and y directions. Positive values of x max and y max indicate nasal and superior positions, respectively, of the peak relative to the centre of the pupil. 95% confidence intervals were obtained for each of the parameters and a correlation coefficient was obtained for the overall fit. For one-dimensional fits along the horizontal dimension, Eq. (2) reduces to
Filters
Based on measured two-dimensional SCE functions, photographic filters were manufactured to manipulate each subject's SCE. The equations of filters to neutralise the SCE and the procedures for manufacturing them have been described previously (Scott, Atchison, & Pejski, 2001 ). The SCE-neutralising filters were darker in the middle than their edges, and had minimum transmissions of 3.3-6.5%.
In addition, filters to shift the SCE-peak horizontally by approximately À2 mm and þ2 mm were made for subject DAA. If the peak is to shift from (x max ; y max ) given by Eq. (2) to (x 0 max ; y 0 max ), then an ideal filter has a transmission Iðx; yÞ given by
which simplifies to
For a shift of the peak horizontally only, this equation reduces to
Practically, the shifting filters were proportional, rather than equal, to the right-hand side of this equation with the transmission as high as possible given the design diameter (7.0 mm) and maximum film transmission (about 50%).
During experiments, filters were placed at F, immediately in front of the test source or the stops that replaced it in the transverse aberration experiments (Fig.  1) , so that they were conjugate with the pupil of the eye. The accuracy of alignment was AE0.1 mm in both horizontal and vertical directions.
Subjective transverse aberration experiments
The same apparatus was used as for the SCE measuring experiment, but with modifications. The channel for the reference source S 1 was blocked, and aperture A 2 and test source S 2 were removed. Two main variations were used. In the variation to measure monochromatic aberration (experiment 1) (see Fig. 1 ), the whole pupil acted as the reference pupil position, viewing reference vertical vernier half target T 1 via 50/50 pellicle beam splitter PBS and mirror FSM 2 . The test vernier half target T 2 was viewed through stops Ap, which were placed at the previous location of S 2 . The stops had sizes 1.0, 3.0 or 5.0 mm. The vernier targets T 1 and T 2 were 3 m from the stops. They were 3 mm wide Â 40 mm long (3:4 0 Â 46 0 ) black rods on 50 mm Â 40 mm (57 0 Â 46 0 ) backgrounds. The sources were seen through diffusing glass and green interference filters G 1 and G 2 (550 nm, full width at half height 10 nm), with the light source for the reference field being two 50 W, 12 V halogen lamps and the light source for the test field being a 150 W Xenon arc lamp. The luminances of the reference and test fields were approximately 1000 cd/m 2 each (ignoring added filters at F). In this arrangement, the reference field luminance was unaffected by the addition of filters at F.
In the second main variation of the apparatus to measure transverse chromatic aberration (experiment 2), pellicle beamsplitter PBS was removed and the reference field was not used. The vernier half targets were two black rods placed in front of the Xenon arc lamp-a fixed upper rod in front of a 620 nm red interference filter and a movable lower rod in front of a 470 nm blue interference target (filter full width at half height, 10 nm). A black border between the red and blue fields was 6 mm wide (7 0 ). The luminances of the red and blue fields were approximately 300 and 400 cd/m 2 , respectively (ignoring added filters at F).
The procedure to measure monochromatic aberration was as follows. For the no filter condition and with the 1 mm stop centred on the optical axis, the subject adjusted mirror FSM 2 so that the reference target was seen aligned above the test target by an amount similar to twice the width of the targets (7 0 arc). This provided the zero setting for the test target. The stop was scanned across the subject's eye, under motor and computer control, from the temporal to the nasal side in 0.5 mm steps. The experimenter moved the test target, seen by the subject as above the reference target, until apparent alignment was achieved. At any position in the pupil, equal numbers of measurements was taken by approaching alignment from both directions. After the run with the 1 mm stop was complete, the 3 mm stop was carefully centred and the process repeated. Following this, the 5 mm stop was used. At any position in the pupil, at least four measurements were taken for the 1 mm stop, at least 6 for the 3 mm stop and at least 8 for a 5 mm stop. The above procedures were repeated with a neutral density filter placed at F that had the same transmittance as the neutralising-SCE filter had in its centre (as this made little difference, results with the neutral density filters are not discussed). Finally, the neutralising-SCE filter was used. Between filters, the alignment was checked with the 1 mm stop and no filter.
For the chromatic aberration experiment 2, the zero reference position was determining with green filters in test and reference beams and a 1 mm stop-the test target was moved until aligned with the reference target. The green filters were replaced by red reference and blue test filters, and the experiment proceeded as for the monochromatic aberration experiment. In this experiment, the pupil of DHS's eye did not dilate quite to the required 7 mm, and measurements for the 5 mm stop were taken at À0.75, 0 and 0.75 mm positions in the pupil rather than from À1 to þ1 mm positions in 1 mm steps as in the monochromatic aberration experiment 1.
In another chromatic aberration experiment used with subject DAA only (experiment 3), the black targets on colour fields were replaced by colour targets on black fields. The targets were 5 mm Â 50 mm (3:4 0 Â 34 0 ) slits in a lamp assembly at 5 m. The light sources for each assembly were pairs of 50 W, 12 V halogen lamps viewed through diffusing glass and interference filters. A 50/50 beamsplitter was introduced on the object side of stops Ap. The movable lamp assembly for the blue target was viewed by transmission through the beamsplitter, while the reference red target was viewed by reflection by the beamsplitter and a front surface mirror. The luminances were approximately 1500 and 100 cd/m 2 for red and blue targets, respectively (ignoring added filters at F).
In a further transverse chromatic aberration experiment 4 with subject DAA, the apparatus described in Fig. 1 was redesigned. The cube beamsplitters BS 1 and BS 2 were replaced by a 90/10 pellicle beamsplitter which imaged the pupil onto the video-camera, and the Xenon arc lamp was replaced by a slide projector (82 V, 300 W globe). Ignoring added filters at F, luminances were 400 cd/m 2 (620 nm, with added 0.6 neutral density filter) and 300 cd/m 2 (470 nm). The experiment used the SCEshifting filters as well as the SCE-neutralising filter. The purpose of the experiment was to determine whether angular subtenses of the targets and background influenced results. It was performed at 3 m with the same dimensions as in experiment 2, at 1 m with the physical dimensions unchanged so that angular subtenses increased by a factor of 3 e.g. 10 0 Â 140 0 black targets on 170 0 Â 140 0 backgrounds, and at 1 m with the target's, but not the background's, physical dimensions changed to match the angular dimensions at 3 m i.e. 3:4 0 Â 140 0 black targets on 170 0 Â 140 0 backgrounds. For the 1 m distance, compensating movement of the Badal lenseye assembly was made to retain the same focus as for 3 m.
Analysis
Transverse aberration was taken to be positive if a target was displaced to a subject's left side, and position in the pupil was taken to be positive if on the nasal side. Because of the inversion provided by the relay system, moving the target to a subject's left side was perceived by the subject as a movement to the right. Also, nasal position in the pupil corresponded to a temporal position of stops.
In order to determine slopes, transverse aberration versus position in the pupil plots were subjected to linear regression. For monochromatic aberration, this was limited to AE1 mm from the pupil centre for all stop diameters. For chromatic aberration, this was limited to AE2 mm from the pupil centre. As the measurements at any position in the pupil were taken consecutively, they were not independent, and statistical analysis was performed on mean values.
Chronological order of measurements and filter production
The SCE measurements, manufacture of neutralising filters and experiments 1-3 were conducted over approximately a 6 month period. Approximately 12 months later, the shifting filters were made for subject DAA and experiment 4 conducted with him as subject. Two months later, a wide range of SCE measurements was repeated for subjects DAA and DHS, including horizontal meridian measurements in blue and red light as well as in green light.
Theoretical determinations of subjective transverse chromatic aberration
Atchison et al. (2001) described two methods for theoretical calculation of subjective transverse aberration, based on the aberrations of model or real eyes. In one method, they calculated the angular displacement of centroids (centres of gravity) of line spread functions. Subjective transverse chromatic aberration was the difference between the transverse aberrations for red and blue wavelengths.
A second method used a photometric efficiency approach to determine a SCE weighted effective pupil centre x x along the horizontal meridian . For a stop of radius R p decentered relative to the pupil centre to ðx; yÞ ¼ ðx 0 ; y 0 Þ, with the SCE-peak at (x max ; y max ), and allowing for different values in x-and y-directions, their Eq. (8a) becomes
The subjective transverse aberration sTA at a pupil location of x ¼ x 0 is equal to optical transverse aberration TA (the aberration associated with the chief ray, which passes towards the middle of the eye's entrance pupil) at a pupil location of x ¼ x x, that is sTAðx 0 Þ ¼ TAð x xÞ ð 8Þ
The subjective transverse chromatic aberration sTCAðx 0 Þ is the difference in subjective transverse aberrations between the blue and red wavelengths, that is sTCAðx 0 Þ ¼ TAð x xÞ 470 À TAð x xÞ 620 ð9Þ where x is the position in the pupil relative to the centre. This simple approach to determining subjective transverse chromatic aberration gives results similar to those of the more involved approach using the centroid of the line spread function , and accordingly the SCE weighted effective pupil centre was used in this study.
For the purposes of estimating transverse chromatic aberration, the optical transverse aberration TAð x xÞ k at wavelength k was determined using Thibos' chromatic reduced eye 
where the reference wavelength is 589 nm and the wavelength k is in nanometres. TAð x xÞ k and Re k are related by
where x v is the location of the visual axis relative to the pupil centre. In Atchison et al.'s, 2001 modelling, no experimental information about the visual axis was used, and the chief ray for non-decentred pupils was assumed to correspond to the visual axis. The visual axis is an approximation to the foveal achromatic axis, for which there is no transverse chromatic aberration (Atchison & Smith, 2000, Chap. 3 & 17) . In this study, we made experimental determinations of the location of the visual axis x v relative to the pupil centre. Table 1 shows the measured neutralising and shifting filters at 550 nm, based upon SCE measurements taken prior to experiments 1-3. The results indicate that the filters perform closely to the design. Table 2 shows the two-dimensional fits of the SCE in green light, with and without the filters in place. The SCE-normal condition results show that the three subjects have well centred functions with near average q values (Applegate & Lakshminarayanan, 1993) . The SCE-modifying filter results again indicate that the filters perform well. The data for the SCE-neutralising filters are difficult to interpret at a glance because of some high coordinates of the peaks, but the variation in sensitivity is less than 0.3 log units across 6 mm pupils in all cases and usually <0.2 log units. The correlation coefficients for the SCEneutralising condition are low because the noise in the data is the major cause of variability. The SCE-shifting filters for DAA shift the peak by more than the AE2 mm required: by about 0.5 and 0.2 mm for the SCE À2 mm shifting filter and the SCE þ2 mm shifting filters, respectively. Table 3 shows horizontal meridian fits of DAA's and DHS's SCEs for each colour of the light, taken post-experiment 4. These results also indicate that the filters perform well and that they perform similarly at the three colours. The latter is also demonstrated for subject DAA in Fig. 2 , where the only discrepancy between the colours of any note is in the peaks and their magnitudes for the shifting filters.
Results
SCE measurements with filters
Previous literature (Enoch & Stiles, 1961; Stiles, 1937 Stiles, , 1939 Wijngaard & van Kruysbergen, 1975; Alpern & Tamaki, 1983) found that the SCE function is dependent upon wavelength, being steeper in the blue and red than in the green. There is little evidence of this over the wavelength range 470-620 nm for subjects DAA and DHS (Table 3 , SCE-normal) (Alpern & Tamaki, 1983) . However, these authors used narrower wavelength bands than were used here. It should be noted that subject DAA's peak shifted from the pre-experiments 1-3 period to the post-experiment 4 period by approximately (À)0.4 mm temporally (compare DAA Ã and DAA ÃÃ in Table 2 ), but the peak for DHS did not shift. DA's peak shift suggests that his filters would not have been optimum in experiment 4. However, the results in Tables 2 and 3 indicate that this had little effect on their efficiency. Fig. 3 shows transverse aberration versus horizontal position in the pupil for subject DAA. The plots for 3 and 5 mm stops have been translated downwards by 3 and 6 min arc, respectively (shifts have been made also for the other two subjects in Figs. 4 and 5) . The 1 mm stop results show small defocus error and positive spherical aberration. For 3 and 5 mm stops, the slope of the plots is reduced relative to the slope with the 1 mm stop, both without and with the SCE-neutralising filter. This indicates that the SCE-neutralising filter does not appreciably increase the influence of the peripheral parts of the pupil. Fig. 4 shows transverse aberrations for subject DHS. For this subject, the Badal lens/eye assembly was positioned so that he had residual refractive error of À1.2 D (i.e. would be corrected by a conventional þ1.2 D ophthalmic lens) along the horizontal meridian. For a 1 mm stop, he has a slope to match this refractive error between pupil positions of À3 and þ1 mm. He demonstrates additional aberration to reduce the influence of defocus beyond þ1 mm. The slope is reduced with the 3 and 5 mm stops, but less so with the SCE-neutralising filter than without it. Fig. 5 shows transverse aberrations for subject PP. The 1 mm stop results show that this subject is well corrected along the temporal (negative) semi-meridian, but the aberration becomes appreciably positive along the nasal semi-meridian beyond 1 mm from the pupil centre. Much of this aberration is retained on the nasal side for the 3 mm stop but not for the 5 mm stop. For neither of the larger stops is there appreciable difference between the two SCE conditions.
Subjective monochromatic aberration-experiment 1
Because of the differences found with the different filter conditions for subject DHS for 3 and 5 mm stops, the experiment was repeated with 1 and 5 mm stops for subject DAA with 1 D induced myopic and hyperopic defocus. The slopes are shown in Fig. 6 for both subjects. This figure shows again that subject DHS has a slope to match his induced refractive error with a 1 mm stop (À4.1 min arc/mm expected). With the 5 mm stop, the slope is reduced considerably but the SCE- Fig. 2 . Log relative sensitivity for three colours as a function of horizontal position in the pupil for subject DAA. Results are shown for fits to the first listed run of each of the various SCE-modified conditions in Table 3 . All plots are normalised to 1.0 at the pupil centre. Fig. 3 . Subjective transverse aberration (min arc) in experiment 1 for monochromatic light (550 nm) as a function of position in the pupil for subject DAA for 1, 3 and 5 mm diameter stops both without and with SCE-neutralising filters. Error bars indicate standard deviations. To make the results easier to distinguish, the 3 and 5 mm data have been lowered by 3 and 6 min arc, respectively. neutralising filter ameliorates this trend. For subject DAA, the 1 mm results are a good match to the induced defocus levels (À3.4 and 3.4 min arc/mm expected for À1 and þ1 D, respectively). However, for the 5 mm stop the slope is reduced considerably and the SCE-neutralising filters do not influence this. Fig. 7 shows transverse aberration versus horizontal position in the pupil for subject DAA. The 1 mm stop results show linear plots to beyond 2 mm from the pupil centre. Linear regression gives intercepts with the horizontal axis at þ0:15 AE 0:07 mm 95% confidence limits without the SCE-neutralising filter and þ0:04 AE 0:09 mm with the SCE-neutralising filter. These are estimations of the visual axis. As expected, results are similar both without and with the SCE-neutralising filter. The effect of increasing the stop size is to reduce the slopes of subjective transverse chromatic aberration markedly, even to the extent of a change in slope direction for the 5 mm stop. The SCE-neutralising filter makes little difference to results with the larger stop sizes.
Subjective chromatic aberration-experiment 2
Results for subjects DHS (Fig. 8) and PP (Fig. 9 ) are similar to those for DAA, except that PP's slopes just remain positive with the 5 mm stop. Linear regression for the 1 mm stop results locates DHS' visual axis at À0:11 AE 0:14 mm without the SCE-neutralising filter and at þ0:19 AE 0:19 mm with the SCE-neutralising filter, while PP's visual axis is at þ0:22 AE 0:05 mm without the SCE-neutralising filter and at þ0:20 AE 0:06 mm with the SCE-neutralising filter.
The slopes for the subjects are shown in Fig. 10 , and confirm the results in Figs. 7-9.
Subjective chromatic aberration-experiments 3 and 4
The thrust of the results for experiments 1 and 2 is that increasing pupil size decreases the slope of the subjective transverse aberrations versus pupil position plots, and that SCE-neutralising filters have little influence on this. The second of these findings is at variance with the theoretical modelling of Atchison et al. (2001) and previous experimental results of Rynders et al. (1997) . To investigate further, we undertook a further two experiments measuring transverse chromatic aberration with one subject (DAA). In experiment 3, the colours of the targets and background were reversed so that the targets were coloured. In experiment 4, we varied the object distance and target angular subtense. This was important because 0 Â 150 0 -than those used in experiments 1 and 2. In this experiment, we also investigated filters that shifted the SCE peak by AE2 mm in the horizontal meridian. Fig. 11 compares results from experiments 2 and 3, the former having been shown already in Fig. 10 . Both experiments show a considerable reduction in slope with increase in stop size, but the SCE-filter condition with the colour targets (experiment 3) demonstrates some small recovery of aberration with 3 and 5 mm stops.
Figs. 12-14 show subjective transverse chromatic aberration versus stop position in experiment 4. These figures show 1 and 5 mm stop diameter results, restricted to the pupil position range of AE1 mm, although data were collected for the 1 mm stop out to AE2.5 mm. For the sake of clarity the shifting filter results are omitted from Figs. 13 and 14; these have a similar trend to those in Fig. 12 . The 1 mm data were collected without any of the filters. Regressions are shown for the different filter conditions. Although there are minor differences between the figures, which represent different target/ background size combinations, these are minor. The 95% confidence intervals for the slopes of the 5 mm curves include zero for all cases except for the no filter results in Fig. 13 (positive slope) and Fig. 14 (negative  slope) . The shifting filters have some minor influence on results, with the data for the filter that shifts the SCEpeak by þ2 mm appearing higher in Fig. 12 than the data for the À2 mm SCE-peak shifting filter (approximately 0.5-0.6 min arc). Using 95% confidence limits, the mean differences between the shifting filters are significant.
Discussion
The findings of this investigation can be stated simply. Using a vernier alignment task, subjective monochromatic and chromatic transverse aberration decrease much more quickly with increase in pupil size (Figs. 13 and 14) than predicted by theory based on the centroid of distributions . For a 5 mm stop, the slope of aberration versus stop position is almost zero. Applying filters to neutralise or shift the SCE makes little difference to results , again contrary to the theory and also to the previous experimental results of Rynders et al. (1997) despite some of our conditions being similar to those used by them. Altering the size of the vernier targets and their backgrounds over a three times range makes little difference. Reversing the colour of the targets and the background, so that the targets instead of the background is coloured, seems to restore some subjective transverse aberration for a subject when the SCE is neutralised (Fig.  11 ). We will return to this point later.
To pursue the theory versus experimental results further, using the theory in Section 2.6, the first runs of DAA ÃÃ results in Table 2 , and a visual axis location of 0.0 mm (its mean location using the 1 mm plots in Figs. 12-14), we determined the theoretical subjective transverse aberration for subject DAA with a 5 mm stop in combination with no SCE-effect, the normal-SCE, and with the SCE shifting filters. This is shown in Fig. 15 , which can be compared for convenience with Fig. 12 . The theoretical slope for the SCE-neutralising condition is 3.1 min arc/mm and the theoretical slopes for the other conditions are approximately 2.3 min arc/mm. The slopes of the experimental results are less than j0:2j min arc/mm and none is significantly different from zero. The theoretical difference between the amounts of aberration with the shifting filters is approximately 4.2 min arc, but the experimental difference is 0.6 min arc. Theoretically, the SCE-neutralising filter changes the aberration by 0.6 min arc at the pupil centre relative to the SCE-normal condition, but the experimental difference is negligible and not significant. These results of this study indicate that the centroid model of determining vernier alignment is not appropriate when the optics have considerable asymmetries that will occur when pupils are decentred. Atchison et al. (2001) discussed a number of studies claiming to show that the centroid, or some variation of it, is the main localising cue in vernier alignment tasks. However, Badcock, Hess, and Dobbins (1996) found that the cue used to localise a textured region can vary as the characteristics of the region change. With this in mind we recalculated theoretical subjective transverse chromatic aberration, for subject DAA with 5 mm pupils, based on the peaks of line spread functions rather than centroids. The peak of the distributions is much closer to the line of sight than is the centroid for large, decentred pupils (see Atchison et al., 2001 , Fig. 8 ). In Fig. 16 , line spread functions were determined using a fast Fourier procedure based on the subject's two-dimensional aberrations . The rate of change of transverse chromatic aberration based on the peaks is generally much less than for centroids (compare with Fig. 15 ), but the absolute values are still much greater than found experimentally (Figs. 12-14) .
In the first paragraph of this Discussion, it was mentioned that there appeared to be some restoration of subjective transverse aberration with 5 mm pupils, when the SCE was neutralised, for coloured targets on a black background (experiment 3). In general, the vernier alignment task with black vernier targets on coloured backgrounds was unambiguous, with the exception of the monochromatic task in the presence of defocus for which some transient doubling occurred which made it difficult to adopt a constant criterion. Otherwise, the task was easy because there was no perception of variable luminance across the target. However, for coloured targets at all pupil sizes, luminance variation across the target was obvious when it was decentred from the pupil centre, and this became more noticable as pupil size increased. For the 1 mm pupil size, the luminance variation appeared symmetrical about the centre of the target, but for the larger two pupil sizes the luminance distribution was markedly asymmetrical, with the peak luminance being close to one side (see Atchison et al., 2001, Fig. 16 . Theoretical subjective transverse chromatic aberration (minarc) as a function of position in the pupil for subject DAA. Results are shown for a 5 mm stop with the following filter conditions: no filter, SCE-neutralising filter, the filter which moves the SCE-peak by approximately À2 mm, and the filter which moves the SCE-peak by approximately þ2 mm. Theory is based on the peaks of image distributions determining subjective alignment. Fig. 15 . Theoretical subjective transverse chromatic aberration (minarc) as a function of position in the pupil for subject DAA. Results are shown for a 1 mm stop with no filter, and for a 5 mm stop with the following filter conditions: no filter, SCE-neutralising filter, the filter which moves the SCE-peak by approximately À2 mm, and the filter which moves the SCE-peak by approximately þ2 mm. Theory is based on the centroids of image distributions determining subjective alignment. Fig. 8 ). Aligning two such distributions was difficult, with the problem confronting the subject being that of which part of the blurred blue target to align with which part of the blurred red target. The subject used his judgement of centroid locations, which, as discussed above, may not have been the unconscious criterion for the black targets on coloured backgrounds.
As mentioned in Section 3.1, subject DAA showed a shift of the peak of the SCE of approximately 0.4 mm in the temporal direction between two sets of measurements approximately 18 months apart. For both subjects DAA and DHS, the corneal reflex was also measured at the same time and did not shift over this period (within a precision of AE0.1 mm in horizontal and vertical directions), thus increasing our confidence that this shift was real and not an experimental artifact. There have been two reports of change in q values over a long period of time, with Rynders, Grosvenor, and Enoch (1995) reporting little change in horizontal q in one subject between two occasions 38 years apart, and DeLint, Vos, Berendscot, and Van Norren (1997) reporting that two only out of seven subjects showed a significant decrease in q after about 30 years. Analysing changes in the peak is more problematic because of changes in the pupil's size (Birren, Casperson, & Botwinick, 1950; Kadlecoka, Peleska, & Vasko, 1958; Kumnick, 1954; Leinhos, 1959; Said & Sawires, 1972; Winn, Whitaker, Elliot, & Phillips, 1994 ) and possibly its position over time. Stiles (1939) reported that the SCE-peak in the horizontal meridian of his own left eye moved by about 1.1 mm temporally (0.2 mm nasal to 0.9 mm temporal) over the course of 6 years, which makes the present results less remarkable. Bedell and Enoch (1979) found only small changes in Enoch's peak over 17 years, with another younger subject not demonstrating a shift over 6 years. Enoch, Eisner, and Bedell (1982) found no shift in the extremely decentred peak of a subject over 3 years (also Bedell & Enoch, 1980) . Also, Safir, Hyams, and Philpot (1970) found the SCE to be stable with time, and Applegate (2001) informs us that his peak has been stable to within AE0.2 mm over a period of 20 years.
Conclusion
Contrary to theory based on centroids and previous experimental work, the SCE appears to play a minor role only in subjective monochromatic and chromatic transverse aberrations when pupils are decentred.
